Introduction
An iconic textbook that many pharmaceutical scientists encounter in undergraduate courses is "Martin's Physical Pharmacy and Pharmaceutical Sciences." 1 One of the chapters, titled Colloids, presents a figure that indicates the location of solubilization of some probe molecules within a spherical, nonionic surfactant micelle, see Figure 1 . The nonionic surfactant consists of a polyethylene glycol (PEG), also known as polyethylene oxide, as the hydrophilic headgroup and a straight alkane chain for the hydrophobic tail. The figure shows benzene and toluene solubilized within the alkane core, salicylic acid (2-hydroxybenzoic acid, orthohydroxy benzoic acid [2HBA]) at the interface between the core, and PEG chains protruding out into the solution, and then parahydroxybenzoic acid (4-hydroxybenzoic acid [4HBA]) out solubilized between the water-solvated PEG chains. The inference is that nonpolar molecules, such as benzene and toluene, will be solubilized within the hydrophobic core, more polar molecules will be partially embedded within both the hydrophobic core and the hydrophilic mantle, and polar molecules will be located well out in the hydrophilic mantle of hydrated PEG chains. Molecular dynamics (MD) simulations are becoming an important tool for investigating the phase behavior of liquid and liquid crystal systems and have great potential as a tool to predict the microstructure of lipid-based drug formulations. [1] [2] [3] [4] [5] [6] [7] Of interest to the authors is whether MD can be used to identify the location of solubilization of molecules within colloidal phases. The nonionic surfactant micellar system and probe molecules presented in the Martin's figure (see Fig. 1 ) provide a good system for exploration of this proof of concept, and see what additional insight MD may be able to provide. MD simulations were performed of octaethylene glycol monododecyl ether (C12E8) to form the micellar phase with 9 different probe molecules, see Figure 2 for their molecule structures. The selected probe molecules cover a range properties to explore the effect of octanol-water partition coefficient (logP, see The selected molecules also include the 4 probe molecules contained within Martin's figure; benzene, toluene, 2HBA, and 4HBA.
Methods

Simulations
MD simulations were performed using the GROMACS 5.1.1 software package 13, 14 on the super computer facilities provided by
Multi-modal Australian ScienceS Imaging and Visualisation
Environment. Simulations were performed using a modified GRO-MOS 53a6DBW 15 united atom forcefield (derived from 53a6, 16 in which the alkane-water oxygen Lennard-Jones parameters had been adjusted to improve the PEG-water interactions), simple point charge water 17 and a 5 fs time step. The mass of polar hydrogens were increased to 4Da, 18 with a subsequent decrease in the attached heavy atom to conserve mass, to allow the larger time step by reducing the vibration frequency of the hydrogen atoms. Geometry of water molecules was constrained using SETTLE, 19 with the remaining bond were constrained with LINCS. 20 Periodic boundary conditions were used on the cubic simulation cell. Electrostatic interactions were treated with a short range cutoff distance of 1.4 nm and the particle-mesh Ewald for long range (Fourier grid spacing ¼ 0.12, interpolation order ¼ 4, relative strength of Ewald-shifted direct potential 1 Â 10 À5 ). 21 Lennard-Jones nonbonding interactions had a 1.4 nm cutoff with long range dispersion corrections for energy and pressure applied. The isothermal-isobaric ensemble (constant number, pressure and temperature) was used, with the velocity rescaling temperature coupling 22 To avoid bias to the structure of the micelle formed and where the probe molecules are solubilized within the system, initial geometries were generated by random placement of 60 C12E8, 4 probes, and 20,000 water molecules within the 9 nm cubic simulation cell, giving a total of approximately 65,000 atoms. Separate simulations were performed for each of the probe molecules to determine the location they are preferentially solubilized within the micellar phase. Once the simulation cell was filled with the required molecules, the following protocol was used to produce the production run input.
(1) Steepest decent energy minimization 8 was used to remove bad van der Waals contacts between atoms and allow the forces between atoms to reach a reasonable value, (2) Berendsen temperature coupling 25 (t T ¼ 0.01 ps with reference temperature of 310 K) was turned on, no pressure coupling, and run for 10 ps with a 2 fs time step, (3) Temperature coupling was then switch to velocity rescaling (t T ¼ 0.1 ps) and isotropic Berendsen pressure coupling 25 (t P ¼ 2.0 ps with reference pressure of 1 bar and 4.5 Â 10 À5 compressibility), and run for 20 ps with a 2 fs time step, (4) Isotropic pressure coupling was then changed to ParrinelloRahman (t P ¼ 2 ps) and run for 40 ps with a 2 fs time step, (5) Time step was increased to 4 fs and run for 40 ps, (6) Finally, the time step was increased to 5 fs and run for 50 ps, and (7) Production runs were performed for a total of 20,000,000 steps, 50 ns.
During the production run, the C12E8 molecules would subsequently organize and reach an equilibrium state. That equilibrium has been reached is shown by plots of the total system energy, total solvent accessible surface area, aggregation behavior (number of aggregates, number of single molecules, and mean aggregation number), and the confirmation of the molecules at 5 ns intervals; see Supplementary Information, Figures S1-S4, respectively.
Analysis
The configurations of the micellar systems were imaged by selecting a representative frame from the final 20 ns of the trajectories. Radial distribution functions (RDFs) were generated using the final 20 ns of the simulation trajectories using gmx rdf, which is included within the GROMACS package (bin width ¼ 0.05 nm). Before generating the RDFs, each simulation trajectory was separated into discrete aggregates using find_aggregate, from the Silico package (http://silico.sourceforge.net). Two molecules are defined to be part of an aggregate when nonpolar carbons (i.e., not linked to an oxygen or nitrogen atom) are within 0.4 nm. RDFs were generated between the center of mass of the micelle (defined by the center of mass of all of the C12E8 molecules contained within that micelle) and the atoms of interest.
The RDF g ab (r) describes the normalized particle density of b as a function of r distance from a reference particle a, see Equation 1. It is normalized using the overall density of b particles across the entire system volume. The probability function P ab (r) is the ratio of the number of particles b to the total number of b particles in the system, as a function of r distance from the reference particle a. P ab (r) can be calculated from g ab (r), as shown in Equation 2.
where:
V shell (r) ¼ shell volume at radius r (nm 3 ); P ab (r) ¼ probability function (unitless)
Results and Discussion
Micelle Structure
A system containing just C12E8 was performed to determine the micellar structure in the absence of additional probe molecules, with the final structure of one of the micelles formed shown in Figure 3 . The micelle consists of an irregular, fluid core of alkane chains into which water rarely penetrates, see Figure 3c . This core consists predominately of the alkane chains curling in and out or lying along the surface, as expected due to the limited volume within the central region of the core to accommodate all of the terminal methyl groups. This Figure 5 . Representative locations of probe molecules within C12E8 micelles and probability functions P(r) relative to C12E8 micelle center of mass; (a and b) benzene (BZN), and (c and d) toluene (TOL). Hydrophobic, alkane micelle core represented with solvent accessible surface and licorice for PEG chains, atomic coloring is cyan ¼ CH2 and CH3 atoms, white ¼ polar hydrogens, red ¼ oxygen, and orange ¼ alkane CH2 and CH3 atoms, water omitted for clarity. hydrophobic region is indicated by the orange solvent accessible surface area in Figures 3a and 3d . From this hydrophobic core, the hydrophilic PEG chains protrude into the bulk water, with water then filling the space in between and hydrating the PEG groups, (see Figs. 3a and 3d) . PEG is fully miscible in water 26 and will therefore hydrate as much as possible when in contact with water. The conformations of the PEG chains are from 1 extreme of fully extended out into the bulk water to being curled up and laying along the core surface. The PEG chains have been found to have an extended, helical structure when dissolved in water [22] [23] [24] and even when anchored to a surface. 27 This helical confirmation of the PEG chains is apparent in Figure 3d . RDFs were calculated for the individual C12E8 micelles and are shown in Figure 4a . For a dispersed system, the RDF at large separations will approach 1.0, which is not the case for water in this system, approaching 1.1. This is due to a significant volume being occupied by the surfactant, and therefore, the density of water at large distance is larger than that of the box average density. Because the RDF is the ratio of local shell density to overall average density, as shown in Equation 1, as the radius approaches zero, and the shell volume decreases, then the value of g(r) can become very large, even if only a small number of particles are found at that radius. To allow better comparison of the location of the atoms across the entire length of the C12E8 chain, the probability function P(r), Equation 2, was used instead, see Figure 4b . The peak maximum indicates the radius at which the atom is most likely to be found and spread of each peak shows how far it can be found from this radius. Water penetrates to~1.5 nm from the micelle center of mass, with the probability increasing steadily with increasing radius. The terminal PEG hydroxyl oxygen (O2) is found across a large range of radii, from~0.75 nm to 4.0 nm, with the peak centered~2.4 nm. The former distance represents the PEG chain folded back toward the core and the latter fully extended out into bulk water. The next ether oxygen shown along the C12E8 chain (O14) is more constrained, exhibiting less movement freedom. The linking ether oxygen (O26), which links the PEG and alkane chains, is constrained even further, centered at 1.2 nm. This radius indicates the boundary between the hydrophobic alkane core and the hydrophilic mantle of PEG chains. The cartoon representation typically used for micelles, with all of the terminal methyl groups Figure 6 . Representative locations of probe molecules within C12E8 micelles and probability functions P(r) relative to C12E8 micelle center of mass; (a and b) 2-hydroxybenzoic acid (2HBA), and (c and d) 4-hydroxybenzoic acid. Hydrophobic, alkane micelle core represented with solvent accessible surface and licorice for PEG chains, atomic coloring is cyan ¼ CH2 and CH3 atoms, white ¼ polar hydrogens, red ¼ oxygen, and orange ¼ alkane CH2 and CH3 atoms, water omitted for clarity.
arranged around the geometric center of the core, is far from accurate as shown by Figures 3c and 4b . The terminal methyl (C38) can be found all the way from the center out to a radius of 2 nm, which is out into the region where water can be found. This is well illustrated by Figure 3c , showing the curled and random nature of the alkane chains. Therefore, the core and shell radii of the micelles are~1.2 and~4.0 nm, respectively. These radii are consistent to those experimentally measured, r c ¼ 1.32 and r s ¼ 3.55 nm 28 and r h ¼ 3.0 nm.
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Martin's Molecules Figures 5 and 6 show the representative location of solubilization of the 4 Martin's probe molecules; benzene, toluene, 2HBA, and 4HBA. These frames demonstrating representative locations of the probe molecules within the micelles were taken from an appropriate trajectory frame within the final 20 ns. Neither of the aromatics molecules (benzene or toluene) are found within the core of the micelle as suggested by Figure 1 , both are found located in the interfacial region between the alkane core and PEG mantle. Figure 5a shows 2 configurations of the benzene molecules at the surface of the core; 1 right on the solvent accessible surface area of the core and the other slightly immersed within it. Toluene exhibits similar placement in the interfacial region, see Figure 5c . The probability functions for both benzene and toluene (see Figs. 5b and 5d, respectively) illustrate this interfacial region preference. Benzene has a long tail in the probability function due to some benzene molecules moving out into the outer reaches of the PEG mantle, and even into bulk water. The addition of the methyl group increases the degree in which the molecule can penetrate into the micellar core and a slight preference for the methyl substituted end to be located closer to the micelle center. Neither of these aromatic molecules are found solubilized within the core region because they are not alkane in nature. The planar nature of the benzene ring disrupts the alkane chain packing, in the same manner that an alkane chain disrupts the water packing in bulk water, the driving force behind the formation of micelles from surfactant molecules, 30 and is therefore preferentially expelled from the core. This preference is demonstrated by the significantly lower logP of benzene (2.13) versus hexane (4.00), and the logP increase to 2.73 of toluene. Figure 6 shows the representative solubilization location of the 2 polar molecules, 2HBA and 4HBA. In the case of 2HBA, Figure 6a , the hydrophobic side of the molecules is located toward the core, whereas the hydroxyl and carboxylic acid side protrude out into the PEG mantle. This behavior is consistent with Figure 1 . When the hydroxyl group substitution is moved to the 4 (or para) position with 4HBA, see Figure 6c , the molecule loses the opposing end hydrophobic and hydrophilic nature and becomes more hydrophilic as indicated by the logP, 1.45 versus 2.24 of 2HBA. 4HBA is found lying along the core and mantle interface and not out within the PEG chains as described by Martin's schematic. The probability functions, Figure 6d , show that the carboxylic acid is found further out into the PEG mantle than the hydroxyl.
To gain an overall view of where within the micelles each of the probe molecules are located, the center of mass of the probe molecules to the micelle center of mass RDFs were calculated and converted to the probability functions, see Figure 7a . Benzene and toluene show a significantly wider region of solubilization than both 2HBA and 2HBA, toluene is found closer to the center than benzene, and 4HBA is found slightly further out into the mantle than 2HBA. The relative order of the molecules' location within the micelle is consistent with Martin's figure but is not as exaggerated as indicated. 
C6 Series
A series of molecules containing 6 carbon atoms were simulated (hexane, hexanol, cyclohexane, and benzene) to demonstrate the effect that cyclizing, aromatizing, and functionalization have on the solubilization location of the molecules. Representative locations of the probe molecules and probability functions are shown in Figures 8, 5a , and 5b for benzene. Hexane is found to intermingle with the alkane chains within the micellar core, 2 molecules are visible in Figure 8a , with only 1 terminal methyl barely visible for 1 molecule within the large cavity. This location is indicated by the peak maximum of 0.9 nm in Figure 8b , consistent with that of the C12E8 alkane atoms C33 and C38, see Figure 4b . Once the molecule is cyclized to cyclohexane, it still is solubilized well with the micellar alkane core but is spread out further and pushed more toward the interfacial region with the peak maximum now moved to 1.4 nm, see Figures 8c and 8d. The cyclic nature of the ring now means that it cannot mix within the alkane core as freely, something that the change in logP to 3.44 from 4.00 implies. As discussed previously, aromatizing the ring to benzene further excludes the molecule from the alkane core, see Figures 5a and 5b. The addition of a hydroxyl group to give hexanol now anchors the hydrophilic group into the PEG mantle, see Figures 8e and 8f. Due to the strong preference for the hydroxyl group (O1) to interact with water, the terminal methyl group (C6) is no longer as free to diffuse through the core region, as shown by the probability function peak moving out slightly to 1.1 nm and becoming narrower. The probe molecules' center of mass probability functions (see Fig. 7b ) illustrate well the effect that cyclization, polar functionalization, and aromatization have on the solubilization location of the probe molecules within the C12E8 micelle.
Drug Molecules
Two example drug molecules were also simulated, danazol and acyclovir, see Figure 9 . Danazol is predominately hydrophobic (logP 3.93), with only a polar hydroxyl and isoxazol at opposites ends of the molecule. Therefore, it is found well solubilized into the alkane Figure 9 . Representative locations of probe molecules within C12E8 micelles and probability functions P(r) relative to C12E8 micelle center of mass; (a and b) danazol (DAN), and (c and d) acyclovir (ACY). Hydrophobic, alkane micelle core represented with solvent accessible surface and licorice for PEG chains, atomic coloring is cyan ¼ CH2 and CH3 atoms, white ¼ polar hydrogens, red ¼ oxygen, and orange ¼ alkane CH2 and CH3 atoms, water omitted for clarity.
core of the C12E8 micelles, see Figure 9a , with the hydroxyl group interacting with the hydrated PEG mantle, and even has preference to interact with other danazol molecules. The preference for the hydroxy functionalized end (O20) is shown by the probability function peak at 1.5 nm, versus isoxazol (O3) at 1.1 nm, see Figure 9b . The significantly more polar acyclovir (logP 1.57) is whole excluded from the core region, see Figures 9c and 9d, with a preference for the ketone (O6) to be orientated further into the PEG mantle. The probability function for the molecules' center of mass, Figure 7c , clearly shows the preference for the more polar acyclovir to be further from the micelle center. However, acyclovir still has a preference to interact with the alkane core to a degree, not exclusively with water or the PEG chains. These results, along with those of 2HBA and 4HBA, indicate even a polar molecule that has a relatively small nonpolar component, still wants to interact with the micellar core of alkane chains, and will not be found located exclusively either within the hydrated PEG mantle or even bulk water.
Conclusions
MD simulations of octaethylene glycol monododecyl ether (C12E8) micelles were performed with a series of probe molecules to determine their solubilization location. It was found that the idealized figure presented within the "Martin's Physical Pharmacy and Pharmaceutical Sciences" textbook for the location of benzene, toluene, 2-hydroxybenzoic acid, and 4-hydroxybenzoic acid within a nonionic surfactant has the rank location correct. However, benzene and toluene are not found within the micellar core and are predominately excluded from this region. In addition, the more polar 4HBA is not found out within the hydrated PEG chain mantle but maintains some contact with the core. Therefore, the Martin's figure of solubilization location within nonionic surfactant micelles is only superficially correct. A 6 carbon series of molecules (hexane, cyclohexane, hexanol, and benzene) also demonstrated how cyclizing a molecule moves it out of the micellar core, the addition of a polar functional group anchors the molecule to the interface, and aromatizing excludes the molecule from the central core. Two model drugs, danazol and acyclovir, were also tested and solubilization location identified.
Supporting Information
Supporting Information is available; example plots demonstrating that the systems simulated have reached an equilibrium state; Figure S1 (total system energy as a function of time), S2 (solvent accessible surface area), S3 (aggregation behavior), and S4 (structure over simulation time).
